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Abstract

This study focuses on developing a new Cyclone Detection and Tracking Method (CDTM) to take advantage of the recent 

availability of a high-resolution reanalysis dataset of ECMWF ERA5. The proposed algorithm is used to perform a climato-

logical analysis of the cyclonic activity in the Mediterranean Region (MR) into a 40-year window (1979–2018). The tuning of 

the new CDTM was based on the comparison with currently available CDTMs and verified through careful subjective analysis 

to fully exploit the finer details of MR cyclones features. The application of the new CDTM to the ERA5 high-resolution 

dataset resulted in an increase of 40% in the annual number of cyclones, mainly associated with subsynoptic and baroclinic 

driven lows. The main cyclogenetic areas and seasonal cycle were properly identified into the MR context, including areas 

often underestimated, such as the Aegean Sea, and emerging new ones with cyclogenetic potential such as the coast of Tunisia 

and Libya. The better cyclone features description defined three distinct periods of cyclonic activity in the MR with peculiar 

and persistent characteristics. In the first period (Apr–Jun), cyclones develop more frequently and present higher velocities 

and deepening rates. In the second (Jul–Sep), the cyclonic activity is governed by thermal lows spreading slowly over short 

tracks without reaching significant depths. In the last and longest season (Oct–Mar), cyclones become less frequent, but 

with the highest deepening rates and the lowest MSLP values, ranking this period as the most favourable to intense storms.
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1 Introduction

At mid-latitudes, the atmospheric dynamics are governed by 

exchanges of heat, humidity, and precipitation between the 

poles and the equator. Despite several well-known atmos-

pheric teleconnections acting on annual and multidecadal 

scales, the cyclonic systems are a key player in driving 

meteorology and climate in these regions, daily shaping the 

meso-to-synoptic-scale patterns of the main atmospheric 

variables. These structures are often responsible for hydro-

meteorological hazards, such as heavy and persistent rain 

and strong winds (Porcù and Carrassi 2009; Messmer et al. 

2015). For these reasons, and because of their well-defined 

structure, extra-tropical cyclones are used as climatic 

indicator, analysing the changes in their main characteris-

tics across past and future decades (Pinto et al. 2007; Nissen 

et al. 2014; Befort et al. 2016; Catto et al. 2019).

The Mediterranean Region (MR) is a peculiar environ-

ment characterized by a closed sea ecosystem, relatively 

warm and surrounded by mountain chains. In addition, 

there are several densely populated cities in coastal areas, 

rich in assets and heritage. Such features place the MR in 

an exceptional group of environments (e.g., Sea of Japan, 

Bay of Bengal, South China Sea, Gulf of Mexico, Mozam-

bique Channel, etc.) where the complex interplay of all these 

components makes these areas fragile, prone to natural and 

anthropogenic risks, and very sensitive to climate change 

(Giorgi 2006).

The idea to extensively study hydrometeorological haz-

ards and climate change through the structure and dynamics 

of extra-tropical cyclones claims the availability of auto-

matic tools, working on given meteorological field to detect 

and track such systems, and able to estimate their relevant 

characteristics. An effective cyclone tracking system has 

numerous applications in weather and climate studies: (1) 
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revisit notable past events exploiting the enhanced capa-

bilities of modern data assimilation systems (Liberato et al. 

2011; Marra et al. 2019); (2) establish continuity between 

different decades, which is the key to understand changes in 

cyclonic activity (Trigo 2006; Priestly et al. 2020); and (3) 

evaluation of climate model outputs to evidence the expected 

modification in cyclone structures (Pinto et al. 2007; Catto 

et al. 2019), assessing possible increase of their impact on 

society (Leckebusch et al. 2007).

Since the late 80s, many algorithms for identifying extra-

tropical cyclones into large atmospheric datasets (reanaly-

sis and climate projections) have been contributed to a bet-

ter understanding of precipitation associated with frontal 

weather systems affecting the regional climate and, in par-

ticular, the water cycle and the weather extremes (Blender 

et al. 1997). Typically, these algorithms follow the standard 

two-step approach proposed by Lambert (1988): (1) the 

identification of possible cyclone centre position through 

the local minimum or maximum of a given atmospheric 

parameter (hereafter, candidates) within the study domain 

at each available timestep; and (2) the definition of cyclone’s 

trajectory based on the nearest-neighbour search procedure, 

where a candidate identified in the previous timestep pos-

sibly travels the shortest distance to reach the position of the 

candidate identified in the current timestep.

Several Cyclone Detection and Tracking Methods 

(CDTMs) were developed for different regions of the globe: 

southern hemisphere (Murray and Simmonds 1991; Sinclair 

1994), northern hemisphere (Pinto et al. 2005; Raible et al. 

2008; Flaounas et al. 2014), both hemispheres (Hewson and 

Titley 2010; Neu et al. 2013), and also for particular regions 

as North Atlantic (Blender et al. 1997; and Trigo 2006) and 

MR (Trigo et al. 1999; Lionello et al. 2016). Moreover, a 

CDTM can also be applied to climate model.

In general, the main differences among CDTMs are the 

choice of the meteorological parameter under analysis (e.g. 

mean sea level pressure, geopotential height or vorticity), 

the data optimisation method applied to filter candidates in 

each timestep (e.g. terrain filtering or atmospheric variable 

limits), and the definition of a distance threshold for the 

cyclone’s displacement between consecutive timesteps (Neu 

et al. 2013). Although summarised, a wide range of combi-

nations and variations of these parameters define not only 

the advantages and disadvantages of each method but also 

the cyclone typology under investigation.

The recent availability of the high-resolution ERA5 rea-

nalysis dataset (Hersbach et al. 2020) for a climatologically 

significant period (from 1950 to present) offers the pos-

sibility to perform a long-term detailed study of cyclonic 

structures and dynamics. Despite its recent availability (mid-

2018), ERA5 already shown its potentials in studying storm 

surge (Dullaart et al. 2020), cloud cover (Lei et al. 2020), 

atmospheric blocks and extratropical cyclones (Rohrer et al. 

2020), and even small-scale hydrometeorological hazards 

(Taszarek et al. 2020).

The aim of this work is twofold: first, to introduce a new 

CDTM able to exploit the higher resolution of ERA5 data-

set, evaluating the algorithm’s sensitivity to increased spatial 

and temporal resolution in comparison with previous algo-

rithms; and, second, to apply the new algorithm to study the 

cyclonic activity over the MR in the last 40 years.

In the next section, the ERA5 dataset and the study region 

are introduced, and the proposed CDTM is described pre-

senting a strategy to assess the impact of increased resolu-

tion. In Sect. 3, the new CDTM is tuned on the main results 

reported in the literature, and on two case studies of notable 

cyclones analysed individually, while Sect. 4 is devoted to 

the complete climatological analysis carried on with the new 

algorithm. The last section summarizes the main results and 

presents the conclusions.

2  Data and methods

2.1  ERA5 and Mediterranean Region

This study’s central database is ERA5, the fifth generation 

ECMWF atmospheric ReAnalysis of the global climate 

(Hersbach et al. 2020). Designed to provide hourly global 

data from 1950 to present, ERA5 combines modelled data 

with observations across the world into a globally com-

plete and consistent dataset based on physics laws. The 

advantages upon its precursors (ERA40 and ERA-Interim) 

include significantly higher spatial and temporal resolutions, 

information on data quality variation over space and time, 

much-improved description of the troposphere, improved 

representation of tropical cyclones, better global balance of 

precipitation and evaporation, better precipitation over land 

in the deep tropics, better soil moisture representation, and 

more consistent sea surface temperature and sea ice (Hers-

bach et al. 2020).

ERA5 is being developed through the Copernicus Cli-

mate Change Service (C3S) using 4D-Var data assimilation 

in CY41R2 of ECMWF’s Integrated Forecast System (IFS), 

which the main product provides atmospheric data distrib-

uted at 137 hybrid sigma/pressure vertical levels from the 

surface up to 0.01 hPa top level. For ERA5 purposes, the 

atmospheric data are interpolated over 37 pressure levels 

and other 16 potential temperature levels and one poten-

tial vorticity level. The surface level presents additional 2D 

parameters such as total precipitation, 2 m temperature, 10 m 

wind components, radiation at the top of the atmosphere, 

and vertical integrals over the entire atmospheric column. 

Furthermore, as the IFS model operates coupled with a soil 

model and an ocean wave model, its quantities are avail-

able also on ERA5 surface data (Hersbach et al. 2020). The 
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integration among observational data and the prediction 

model befalls through two modules: The Ensemble of Data 

Assimilation (EDA) and the High-RESolution realisation 

(HRES), which operate at different spatial and temporal 

resolutions, but result in a dataset of global hourly data dis-

tributed into a 0.25° × 0.25° spacing grid.

The present study focuses on 40 years of ERA5 data 

(1979–2018), and its domain covers the MR defined by the 

area within 9° W to 42° E and 27° N to 48° N (Fig. 1). This 

definition permits a further comparison with Trigo et al. 

(1999) and Lionello et al. (2016), which presented a similar 

analysis using ERA-Interim with 1.5° of spatial resolution, 

taken as a benchmark for developing our algorithm. Inside 

this window, the zonal distance between ERA5 grid-points 

ranges from 18.7 km along the northern edge of the domain, 

up to 24.8 km along with the southern one. To avoid bor-

der issues an additional belt of 6° surrounding the MR was 

included (Fig. 1), expanding the domain to dimensions about 

45° of longitude and 33° of latitude, and totalizing 33,649 

gridpoints equally distanced by 0.25°.

2.2  Cyclone tracking algorithms

The improvement on spatial and temporal resolutions 

granted by ERA5 is expected to be crucial for a cyclone bet-

ter description, allowing to capture its entire life cycle and 

to identify even the smaller and short-living systems (Pinto 

et al. 2005; Neu et al. 2013). This potential is expected to 

be very beneficial for the study of MR, where cyclones have 

shorter lifetime, travel shorter distances and present weaker 

horizontal pressure gradients than those common in other 

parts of the globe (Trigo et al. 1999, 2002; Raible et al. 

2010; Lionello et al. 2016).

In the present work, the main challenge was to develop a 

new methodology suitable to identify cyclones with such a 

high-resolution and allow a reasonable comparison with the 

literature results, where the highest spatial resolutions were 

5–10 times worse than ERA5, with timesteps of 6 or 12 h. 

According to Blender and Schubert (2000), improvements 

in spatial resolution from 3° to 1° was already enough to 

produce significant changes in the total number of cyclones 

identified due to numerical noise resulting from a large 

volume of data, topography effects and detection of ther-

mal lows. Such results motivated the development of new 

CDTMs enhanced by filtering techniques to mitigate weak 

cyclones’ detection (Pinto et al. 2005; Wernli and Schwierz 

2006; Simmonds et al. 2008; Raible et al. 2008; Hewson 

and Titley 2010; Hanley and Caballero 2012; Messmer et al. 

2015).

According to Hodges et al. (2003), CTDMs based on 

mass related fields represent better lower frequency synop-

tic-scale motions, while those based on vorticity capture bet-

ter higher frequency but often fail a few hundred kilometres 

the cyclone centre positions (Sinclair 1994). Since the MR 

presents several zones that naturally induce vorticity due 

to circulation effects on mountain and land–sea interface, 

also favouring the formation of small low-pressure areas or 

thermal lows, the present study uses the geopotential height 

Fig. 1  The study domain and the Mediterranean Region
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field for the identification of the local minimums. In this 

case, we chose the 1000 hPa level to trade-off the need to 

filter out minor surface disturbances and to still keep close 

to the Earth’s surface, the cyclones’ primary energy source.

The CDTM proposed in the present study has the same 

structure presented by Lambert (1988), which is divided into 

two distinct modules: The Cyclone Identification Module 

(CycID), and The Cyclone Track Module (CycTR). Initially, 

the first module is applied individually for all 350,640 hourly 

timesteps existing in the ERA5 dataset for 1979–2018 to 

identify gridpoints where a possible cyclonic structure is 

located. Later, the CycTR is employed to join these possible 

cyclonic structures and trace the path performed by each 

identified cyclone.

Figure 2 illustrates the CycID into three consecutive steps. 

The first one (Fig. 2a) evaluates the Geopotential Height at 

1000 hPa (Z1000) of each gridpoint in the MR domain search-

ing for local minimums (labelled as “candidates”) over a 

3 × 3 gridpoints neighbourhood. In the next step (Fig. 2b), 

the list of candidates found at each timestep passes through 

a filter to keep only the lowest local minimum within a 5° 

× 5° area (21 × 21 gridpoints). Although the analysis box 

appears to be very large (~ 600 km wide), it is consistent to 

the typical extratropical cyclone sizes observed in the MR, 

which present average values   of 500–550 km (Trigo et al. 

1999), and much smaller than those of North Atlantic that 

ranges from 1000 to 2000 km (Nielsen and Dole 1992). Cur-

rently available CDTMs considers candidates into a 3 × 3 

gridpoints matrix, something reasonable for methods based 

on low-resolution data where the analysis box ranges about 

250–300 km wide. But, for datasets with a spatial resolu-

tion of the order of 30 km, as ERA5, it reduces to boxes of 

50–60 km wide. Thus, the search matrix’s enlargement was 

essential to define the actual cyclone’s centre position and 

avoid identifying multiple candidates within the same low-

pressure core area.

An additional filter closes the CycID (Fig. 2c) selecting 

only candidates related to an atmospheric depression with 

dimensions equivalent to the Rossby-deformation scale 

(1000 km). For doing so, the directional average of Z
1000

 

spatial gradients �
Dir

(t) defined as

was computed for the eight principal directions (Dir) around 

each candidate position (Dir = {N, NE, E, SE, S, SW, W, 

NW}, shaded areas in Fig. 2c) using gridpoints positioned 

approximately at 250, 500, 750 and 1000 km ( x
i
 ) from the 

candidate. In the end, only gridpoints surrounded by eight 

positive �
Dir

 ’s remained in the list of candidates. Although 

there are several filters for reducing numerical noise in 

high-resolution data (Blender et al. 1997), the criteria and 

thresholds used in the second and third steps of CycID are 

proposed in the present study based on the spatial and tem-

poral resolutions of the ERA5 dataset.

After the CycID processing, the application of CycTR 

begins. Here, the lists of candidates identified at each 

timestep t
n
 are evaluated chronologically to search the 

candidates’ possible position in the subsequent timestep 

t
n+1

 . The candidate positions were combined using the 

Nearest Neighbour Method, where the searching box 

at timestep t
n+1

 was set to 21 × 21 gridpoints around the 

candidate position at timestep t
n
 (as in the second step of 

(1)�
Dir

(t) =
1

4

∑4

i=1

dZ1000(xi
, t)

dx
i

,

Fig. 2  Cyclone identification module applied to each timestep present in the ERA5 dataset
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CycID, Fig. 2b). In general, this threshold allows a cyclone 

velocity slightly higher than those employed by current 

CDTM. But, considering the increased temporal resolution 

of ERA5 dataset, it also works to avoid other candidates 

within the same low-pressure core area.

As the timestep advances, the combined candidate posi-

tions trace a route that, in turn, ends when it is not possible 

to find a candidate at t
n+1

 inside the search box of the can-

didate at t
n
 , concluding the cyclone lifecycle. Following 

Trigo et al. (1999), every time that candidates can be com-

bined for at least six consecutive timesteps, we have a new 

cyclone included to the main product of this CDTM, the 

cyclone tracking dataset. To prevent cyclone tracks identi-

fied into the 6° belt of surrounding the MR (Fig. 1), every 

cyclone without at least one position recorded within the 

MR limits was excluded. Additionally, trying to eliminate 

artificial low-pressure cores, short-living thermal-lows or 

too weak cyclones as much as possible, the present study 

only considered cyclones lasting more than 24 h. This 

procedure also permits a further comparison with other 

literature results (Neu et al. 2013; Lionello et al. 2016).

It is worth mentioning that the criteria and thresholds 

established on CycID and CycTR modules were verified 

through a subjective analysis carried out for two random 

winter (January 1979 and 2005) and summer months 

(July 1991 and 2018). Several MR cyclones were identi-

fied and tracked individually, whether short or long dura-

tions and covering various parts of the domain. These 

analyses revealed that the proposed CDTM is capable 

to capture almost the totality of the observed cyclones, 

as well as describing its respective area of cyclogenesis, 

trajectories, and durations. More than an adaptation to a 

high-resolution dataset, the method described in the pre-

sent study brings as its primary contribution a suitable 

set of parameters to systematically identify and track the 

cyclonic activities in the Mediterranean, where cyclones 

do not have sizeable horizontal pressure gradients and pre-

sent a shorter lifetime compared to open-ocean cyclones.

The algorithm was developed in Wolfram Mathematica, 

v12.1, and uses the ERA5 dataset in NetCDF format. The 

output file presents for each identified cyclone and for 

each hourly timestep between cyclogenesis and cyclolysis: 

(1) the geographic coordinates (latitude, ° N, and longi-

tude, ° E) of the cyclone centre position, (2) its intensity 

expressed in Geopotential Height at 1000 hPa (m), and (3) 

the cyclone velocity (km  h−1). Additionally, based on the 

geographic coordinates present in these outputs, (4) mean 

sea-level pressure (MSLP) values were also extracted 

from ERA5 to complement our analysis. Note that this 

procedure can be easily expanded to other parameters such 

as temperature, precipitation, and wind to evaluate other 

cyclones features, not assessed in the present study.

The CDTM presented in this study was designed to com-

bine computational simplicity with generality on identify-

ing cyclones to enable a study based on a recent released 

high-resolution reanalysis dataset, until now missing in the 

scientific literature. This simplicity-oriented approach does 

not allow detailed cyclone structure characterisations as core 

symmetry, vertical inclination, layer thickness, as well as 

temperature, precipitation, and wind distributions. However, 

combining the literature results with simple characteristics 

as cyclogenesis area, season, and duration, it is possible to 

associate certain cyclonic activities to well-known structures 

(such as low-thermal or extratropical cyclones) in a general 

context and without individualising each case.

2.3  Impact of higher resolution to CDTM 
performances

Given the significant spatial and temporal resolution 

improvements in the input dataset and its importance to 

CDTMs skills, not yet evaluated with such a volume of 

data, it is necessary to include among the objectives of this 

study a series of trials to assess the sensitivity of the CDTM 

algorithms to the increased resolution. For this purpose, the 

CDTM proposed by Trigo et al. (1999) was implemented 

following the adaptation of Lionello et al. (2016) and initial-

ised with ERA5 data. Four settings of CDMT were created 

to operate on different data resolution (spatial and tempo-

ral). The principal modification regards the searching box 

employed in each stage. Lower resolution datasets were gen-

erated by subsampling the original ERA5 dataset, taking 

one set every 6 h at synoptic hours (00, 06, 12, and 18 UTC) 

to reduce the temporal resolution, and one gridpoint out of 

eight to reduce the spatial resolution. It is worth mention-

ing that preliminary tests using the preceding ReAnalysis 

dataset, ERA-Interim (Dee et al. 2011), indicated substan-

tial differences between the number of identified cyclones. 

Therefore, we chose to subsample the ERA5 dataset to avoid 

errors associated with the initial data.

Table 1 summarises the strategy to assess the impact of 

high-resolution data on CDTMs, where four scenarios are 

Table 1  Relevant parameters setting for the sensitivity tests

Scenario Data resolution CDTM analysis

Space

(°)

Time

(h)

Box side

(°)

Matrix

(Gridpoints)

LR 1.50 6 3.00 3 × 3

iSR 0.25 6 3.00 13 × 13

iTR 1.50 1 3.00 3 × 3

HR 0.25 1 3.00 13 × 13

FR 0.25 1 5.00 21 × 21



1298 L. Aragão, F. Porcù 

1 3

defined: Low-Resolution (LR), incremented Spatial Reso-

lution (iSR), incremented Temporal Resolution (iTR) and 

High-Resolution (HR). The CDTM proposed in the present 

study (Full Resolution, FR) was not used in this sensitiv-

ity test, but it was included in Table 1 only to make the 

comparison clearer. For uniformity reasons, the Directional 

Gradients Filter presented in Fig. 2c was maintained for all 

scenarios.

3  CDTM performances using high‑resolution 
data

3.1  Sensitivity test to improved resolution

The annual cycle of cyclones frequency crossing MR dur-

ing 1979–2018 is presented in Fig. 3 for different CDTM 

(Table 1). Conceptually, the LR scenario was designed to 

represent the current view about cyclonic development in 

MR, and the HR scenario to reveal the improvement pro-

moted by initialisation using enhanced datasets. On the 

other hand, the iSR and iTR scenarios were designed to 

assess spatial and temporal high-resolution contributions 

separately. In Fig. 3, the mean monthly distributions for the 

different scenarios are reported, showing small differences 

between the LR and HR scenarios’ distributions, where the 

latter presented a mean number of cyclones approximately 

10% higher, a value relatively low given the different vol-

umes of data used. Both scenarios agree on the highest 

number of cyclones occurring in May-June followed by a 

secondary peak in August. The most prominent disagree-

ments occur during winter months when the Low-Resolution 

scenario was not able to identify around 30% of the cyclones 

found by HR. In a quantitative assessment, there is a more 

significant variation in HR results, especially during winter 

months when the scenarios mostly disagreed. For July, both 

scenarios pointed to a reduction in the number of cyclones 

with smaller variation in HR but a large range between these 

absolute values.Although LR uses the ERA5 dataset sub-

sampled for providing the same spatiotemporal resolution 

of ERA-Interim, the iTR was the scenario which presented 

the monthly variation of the number of cyclones (Fig. 3d) 

Fig. 3  Monthly means of the total number of cyclones in the Medi-

terranean Region (filled squares and bottom numbers), the respective 

1st, 2nd and 3rd quartiles (bars) and the absolute minimum and maxi-

mum (dashes) illustrated as a box plot for different scenarios to the 

period 1979–2018
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more coherent to Lionello et al. (2016)’s results, where 

the monthly distribution also showed a maximum occur-

ring during spring, a smooth variation on other months and 

no secondary peak in August. This result is relevant since 

Lionello et al. (2016) evaluated 14 different CDTMs applied 

to ERA-Interim (similar to LR) and none of these mem-

bers was able to identify the rise on the cyclones number 

of August using low-resolution data. For the iSR scenario 

(Fig. 3c), the reduction in the total number of cyclones is 

even more evident, highlighting a very pronounced maxi-

mum occurring exactly in August.

A closer inspection of the dataset shows that the increase 

in the number of cyclones in August is due to a pronounced 

peak of cyclogenesis occurring near both zonal edges of 

MR: over the Iberian Peninsula as a consequence of rela-

tively warm land, sea-land contrasts, and the formation of 

thermal lows (Trigo et al. 1999); and over the eastern Black 

Sea, where sea-land contrasts allied to low-level baroclinic-

ity favour the formation and maintenance of quasi-stationary 

lows (Hoskins and Valdes 1990). A remarkable feature of 

cyclones formed in August over these regions is the short 

lifetime and slow propagation, framing these systems on a 

sub-synoptic scale hardly reproduced into low-resolution 

atmospheric data.

The impact of increased resolution becomes visible when 

the analysis considers the dynamical features. Figure  4 

shows the frequency distributions of duration and mean 

velocity of the detected cyclones for the four scenarios. The 

iSR scenario (Fig. 4c) identified about 77% of cyclones with 

mean velocities between 8 and 20 km  h−1, 63% lasting 24 or 

30 h, and only less than 5% last more than 60 h. These values 

are substantially different from those reported for MR, with 

a velocity peak between 24 and 32 km  h−1 and durations 

of about 42 h (Trigo 2006; Lionello et al. 2016). On the 

other hand, the iTR scenario (Fig. 4d) spreads both duration 

and mean velocity distributions over more comprehensive 

ranges. Also, the quartiles (Q1, Q2 and Q3) were similar to 

LR and HR. The duration’s 98th percentile reaches 88 h. The 

mean velocity distribution has a wide peak around 30 km  h−1 

with not negligible fractions of nearly stationary (less than 

20 km  h−1) and very fast systems (above 60 km  h−1). The 

HR scenario (Fig. 4b) shows similar shapes for the duration 

distribution. In contrast, the mean velocity distribution is 

rather similar to the iTR scenario, indicating that increases 

Fig. 4  Frequency distribution (%) of cyclones mean velocity (black) and duration (gray) for different scenarios to the period 1979–2018. The 1st, 

2nd and 3rd quartiles to cyclones duration are presented followed by the extreme percentiles (95th and 98th)
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on the time resolution must be balanced with increases on 

the spatial resolution to obtain results compatible with pre-

vious findings.

3.2  CDTM tuning

As shown in Fig. 3 and even more clearly in Fig. 4, the use 

of high-resolution data by existing CDTM (the HR scenario) 

presented sharp differences to the LR scenario, especially 

in the representation of long-duration cyclones. Since the 

search box size of each CDTM was crucial to achieving 

these results, a subjective analysis of cyclones trajectories 

was performed to understand how this parameter could be 

used to exploit the high-resolution available at ERA5 fully. 

The HR scenario tuning led to a modification of the search 

box sizes based at the Rossby-deformation scale, as indi-

cated in Table 1, to develop a new CDTM (FR) used from 

here and on.

Figure 5 presents the mean monthly number of cyclones 

crossing the MR into 1979–2018 period and the distributions 

of cyclone duration and mean velocity for the FR scenario, 

computed by the CDTM proposed in this work with the 

high-resolution ERA5 dataset. Again, there is a large num-

ber of cyclones occurring during the spring months. April 

and May recorded the highest cyclogenetic activity in the 

MR with respective averages about 35 and 36 cyclones per 

month, reaching values around 40% above those described 

in the literature (Lionello et al. 2016).

As LR and HR, the FR scenario (Fig. 5a) also shows 

a secondary maximum in August, opposing a downward 

trend evidenced in June and July. In the following months, 

the distribution retrieves the downward trend, gradually 

decreasing the mean monthly number of cyclones as winter 

approaches. The mean monthly number of cyclones cross-

ing the MR was 28, projecting 336 cyclones per year, equal 

to the HR scenario but with lower interannual variability 

and relatively lower spread, confirming the robustness of 

the proposed CDTM with high-resolution data. Again, this 

value is 40% above those estimated by CDTMs based on 

low-resolution data, but within the range described in the 

literature, 62 to 474 cyclones year (Lionello et al. 2016). The 

entire 1979–2018 period amounts 13,439 cyclones identi-

fied, composed of annual totals ranging from 285 up to 390 

cyclones per year, respectively in 1990 and 2010.

Regarding the mean velocity and duration of the Mediter-

ranean cyclones (Fig. 5b), the FR scenario presents distribu-

tions similar to HR. However, FR shows a flat peak around 

11% in the frequency of cyclones with mean velocities 

between 32 and 36 km  h−1, versus a more pronounced peak 

of 14% for velocities between 24 and 28 km  h−1 obtained 

by HR (Fig. 4b). The same occurs in the cyclone duration 

distribution, where FR also presents a peak with frequencies 

smaller than those reported by HR, supporting the remark-

able variation on cyclone durations and setting the quartiles 

over longer durations. This result confirms the improvement 

obtained by the new CDTM designed to use high-resolution 

data since the HR results showed a CDTM prone to underes-

timate cyclone’s lifetime. In this case, evaluating the number 

of cyclones with long duration, the P95 and P98 show values 

in agreement with Trigo (2006) and the LR scenario, which 

uses a CDTM suitable to low-resolution data.

3.3  Case studies

As previously mentioned, the demand for a new CDTM suit-

able for high-resolution data emerged during several sub-

jective analyses carried out for four random monthly peri-

ods, where the current CDTMs (the LR and HR scenarios) 

presented certain limitations to identify, track, and describe 

the main features of the observed cyclones. Therefore, this 

section presents the analysis of two prominent cyclones 

comparing the CDTM performances directly through the 

Fig. 5  Same as Figs. 3a and 4b, but for scenario FR using the CDTM proposed in the present study
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LR, HR and FR scenarios. The first one occurred in January 

2009, when an intense cyclone crossed almost the whole MR 

resulting in one of the most extended cyclone trajectories in 

the 1979–2018 period. The second case portrays the Medi-

terranean tropical-like cyclone (also known as Medicane) 

Numa occurred in November 2017, which caused strong 

winds and large amounts of precipitation in southern Italy 

and several sites surrounding the Ionian Sea. These cases 

were selected based on previous studies of Liberato et al. 

(2011) and Marra et al. (2019), respectively.

The cyclogenesis pattern of the first case is the most 

common one in MR cyclones, where the Enhanced Rossby 

wave breaking associated to North Atlantic cyclones leads 

to an increase of the upper-level jet speed and a decrease 

in low-level stability, favouring new cyclogenesis zones in 

this region of anomalously low stability along the European 

continent (Buzzi and Tibaldi 1978; Hanley and Caballero 

2012). In this case study, the Rossby wave’s deceleration 

after entering the European continent resulted in two rel-

evant cyclones on surface levels. The first was called ‘storm 

Klaus’ (Liberato et al. 2011) and started at 22 January 2009 

over the subtropical North Atlantic Ocean, reached its maxi-

mum intensity at the end of 23 over the Bay of Biscay and, 

as advanced into the European continent, lost strength and 

vanished on 27 approaching to the Balkan Mountains. As 

the cyclogenesis and most storm Klaus track happened out-

side our study domain, only the final stage was described 

in our results explaining the small differences between the 

scenarios used (not shown here).

The second meteo-system driven by the propagation of 

the Rossby wave emerges on 25 January 2009 in the lee of 

Pyrenees Mountain range, at which time the storm Klaus 

was heading for cyclolysis over the Adriatic Sea. Fig-

ure 6 shows the cyclone track’s places and dates, and the 

respective system intensity evolution assessed under the LR, 

HR and FR scenarios. In general, excluding the resolution 

limitations of the LR scenario during the initial period, all 

scenarios agree with the cyclogenesis location, date and 

time, and the main track performed by the cyclone during its 

existence. However, there is a significant divergence regard-

ing the cyclone duration and its cyclolysis region.

In this case, a subjective analysis including other param-

eters, such as the mean sea level pressure (MSLP) and the 

geopotential height at 500 hPa, confirmed the FR scenario as 

the best description of the cyclone’s life cycle: (1) starting at 

15Z on the 25; (2) reaching maximum intensity on 26 (12Z) 

between Corsica and Sardinia (991 hPa, see the embedded 

graph in Fig. 6); (3) losing strength as it approaches south-

ern Italy at the end of day 28; (4) moving eastward nearly 

unchanged, passing through the Ionian and Aegean seas; and 

(5) vanishing in the eastern Mediterranean, nearby Cyprus. 

In summary, more than 3068 km were covered in 144 h (6 

days) with mean velocity about 21.3 km  h−1 and a maximum 

deepening of 0.75 hPa  h−1 and 1.57 hPa 6  h−1. These values 

of track length and durations are extremely rare in the MR, 

totalising less than 0.12% of cyclones within 1979–2018 

period.

As shown in Fig. 6, the LR and HR scenarios were able to 

reproduce only the whole cyclone track’s initial phase. The 

cyclone weakening after crossing Sicily Island, in south-

ern Italy, prevented the LR and HR CDTMs from identi-

fying possible candidates over the Ionian Sea, interrupting 

the life cycle prematurely on days 29 (06Z) and 28 (18Z), 

respectively. However, in this initial phase, both LR and HR 

scenarios presented cyclone track, mean velocities and core 

MSLP very similar to FR (LR 19.6 km  h−1 and HR 16.3 km 

 h−1). Interestingly, 30 h after ending the cyclone’s activities 

under analysis, the HR scenario identified a new cyclone 

Fig. 6  Tracking comparison of the cyclone occurred on 25–31 January 2009 using the LR (gray), HR (light gray) and FR (black) scenarios. The 

Mean Sea Level Pressure (MSLP, hPa) during the entire life cycle is shown in the embedded graph
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forming over the Aegean Sea, which followed the charac-

teristics of the previous one described in the FR scenario. 

This result confirms the hypothesis raised in the monthly 

subjective analyses, where a CDTM not tuned for using 

high-resolution data (HR) tend to identify long-duration 

cyclones as two or more different cyclones, and also explains 

the increase of cyclones duration percentiles 95 and 98 in 

the FR scenario (Fig. 5a).

The second case shown in detail was the Medicane Numa 

occurred in November 2017. As synoptic-scale cyclones, 

Medicanes can also be defined as low-pressure systems 

formed in MR and supported by a cold trough at upper-air 

levels. The main difference is its baroclinic nature which, in 

the mature stage, presents a warm core due to the release of 

latent heat by convection around the system centre (Cavic-

chia et al. 2014). By definition, there are no limitations that 

prevent the detection of Medicanes using CDTM. On the 

contrary, as these meteorological systems usually present a 

well-defined symmetric structure with a centre equally sur-

rounded by intense gradients, the potential for identification 

and characterisation is very high.

According to Marra et al. (2019), the Medicane Numa 

started on 15 November over the Strait of Sicily, reaching 

its mature phase on the next day, where it persisted for 24 h 

with a quasi-cloud-free calm eye, a warm core, and strong 

winds close to the vortex centre. On day 18, it moved east-

ward until completely dissipates over Greece on 19 Novem-

ber. As shown in Fig. 7, the LR scenario is the most similar 

to this description in terms of date and location of the cyclo-

genesis and cyclolysis zones. An expected result, consider-

ing that Marra et al. (2019) conducted an analysis based on 

satellite images and weather forecast model products with 

low-resolution (1.125°, 3 h).

On the other hand, differently from LR, the high-reso-

lution scenarios (HR and FR) presented identical results, 

showing that the high-resolution was more decisive than 

CDTM tuning for the Medicane case. The main difference 

was the initial and final moments of Numa’s life cycle, where 

high-resolution scenarios indicated cyclogenesis occurring 

7–8 h before, close to the Italian coast. The estimated cyclol-

ysis occurs 16–19 h after LR, extending the cyclone tracks 

from the Greek coast in the Ionian Sea to the Turkish coast 

in the Aegean. Another significant improvement provided by 

the high-resolution data is the temporal evolution of MSLP 

in the centre of the Medicane (embedded graph in Fig. 7). 

The slow displacement of Numa allows observing in detail 

the semidiurnal barometric oscillation also influencing the 

meteo-system core.

4  Mediterranean cyclones climatology

4.1  Regional distributions

This section exploits the FR scenario’s capabilities in 

describing the climatology of Mediterranean cyclones, 

addressing seasonal and geographical distributions of cyclo-

genesis/cyclolysis areas, and the main characteristics of the 

detected systems. Using the proposed CDTM at ERA5 reso-

lutions, Fig. 8 presents the spatial distribution of (a) the fre-

quency of cyclogenesis, (b) the frequency of cyclone tracks, 

(c) the cyclones maximum velocity, and (d) the maximum 

cyclones deepening rate (minimum MSLP variation over 

6 h). For presentation purposes, these maps use a radial sig-

nal amplification technique to minimise the high-resolution 

dataset’s noise and avoid large values variation at neighbour 

gridpoints. The frequency of cyclogenesis is reported as the 

fraction of the total number of cyclones born at the gridpoint 

position by the total number of cyclones born in the whole 

MR. The same works for the frequency of cyclone tracks but 

Fig. 7  Same of Fig. 6, but for the Medicane Numa occurred on 14–19 November 2017
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considering a fraction of the cyclone path instead of cyclo-

genesis number. Lastly, the cyclones’ mean velocity and the 

cyclones’ maximum deepening rate ( dP
min

∕dt ) report the 

averaged parameter concerning every cyclone crossing the 

gridpoint position.

As shown in Fig. 8a, MR presents several regions prone 

to cyclones’ formation, most of them directly related to 

mountain ranges and coastlines. The main cyclogenesis 

areas have been accurately identified, with intensities and 

activity areas relatively similar to those found in the litera-

ture (Trigo et al. 1999; Trigo 2006; Campins et al. 2011; 

Lionello et al. 2016). About 89.1% of the identified cyclones 

in the whole study domain presented cyclogenesis inside the 

MR. Positioned in the lee of the Alps, the Gulf of Genoa 

appears as the primary hotspot of cyclone formation in the 

MR (Buzzi and Tibaldi 1978), assuming 11.3% of this total. 

In sequence, there are areas of intense cyclogenetic activ-

ity over the western (8.9%) and eastern Atlas Mountains 

(6.5%), along the southern coasts of Antalya (5.8%), around 

the Balearic Islands (5.0%), and over the northern Aegean 

Sea (4.1%). The percentage was computed considering areas 

of 400  m2, approximately, centred at the main hotspots of 

cyclogenesis into the MR.

The accurate representation of the intense cyclogenetic 

activity areas using high-resolution data also enabled us 

to explore regions rarely regarded as principal cyclogen-

esis areas in MR. A good example is the Aegean Sea. As 

reported in the literature, the current available CDTMs often 

underestimate the cyclogenesis due to its subsynoptic-scale 

nature (Flocas and Karacostas 1996; Campins et al. 2011). In 

our analysis based on high-resolution data and the proposed 

CDTM, such distrust was overwhelmed by a proper detec-

tion of cyclones of the nature mentioned above and statisti-

cally framed the Aegean Sea among the principal areas of 

cyclogenesis of MR into an annual perspective.

On the other hand, areas usually reported with high 

cyclogenetic activity exhibited reduced signals, such as 

the Black Sea, the eastern Mediterranean, and Middle East 

areas. According to Trigo et al. (1999), these areas have a 

strong signal explained by the domain boundaries’ vicin-

ity. In fact, in a later study also using low-resolution data 

(Campins et al. 2011), this signal was not recognized among 

the largest cyclogenetic areas, even when analysed into a 

seasonal window. In the present study, the data resolution’s 

improvement and the analysis domain’s expansion (Fig. 1) 

confirmed to be sufficient to avoid border issues.

Another region highlighted by a significant cyclogenetic 

signal is the coastal area from southern Tunisia to western 

Libya (Fig. 8a). Although not properly identified in previous 

climatological studies, this region constantly records dam-

ages and losses caused by meteorological events, commonly 

associated to cyclones developed under particular conditions 

driven by a strong land-sea temperature contrast (Almazroui 

and Awad 2016). However, even if cyclogenesis occurs in 

this particular condition, the signal is strong enough to be 

noticed into an annual window, totalising 4.7% of the MR 

cyclones. It probably occurs with characteristics analogous 

to the Aegean Sea cyclones, where a subsynoptic-scale 

nature prevents a feasible signature on low-resolution data. 

Thus, the annual cycle, frequency and principal features of 

the Tunisia-Libya cyclones must be fully assessed in future 

works.

Other fields in Fig. 8 present a well-defined pattern in 

the entire study domain: cyclones tracks expand from the 

cyclogenesis areas (Fig. 8b), generally slower over the sea 

and the coastal regions, and faster around mountain ranges 

(Fig. 8c), and intensifying over the sea or when approaching 

to the coastline (Fig. 8d). For example, cyclones formed in 

the Gulf of Genoa usually moves along two branches: (1) 

southward over the Tyrrhenian Sea, moving slowly when 

closer to the Italian coast, or gain intensity crossing the sea 

Fig. 8  Spatial distribution of MR cyclones: a frequency of cyclogen-

esis (%); b frequency of cyclones tracks (%); c cyclones’ mean veloc-

ity (km  h−1); and d cyclones’ maximum deepening rate (hPa 6  h−1)
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heading to Sicily; or (2) eastwards to the Adriatic Sea where 

they usually lose strength facing the Balkan Mountains or 

move southward losing velocity and gaining intensity.

In general, the MR cyclones present complex trajectories 

with frequent direction changes, often related to the land/sea 

distribution and the presence of orography. This explains 

the various branches of tracks in Fig. 8b associated with the 

departing regions. As shown in Fig. 9a, a large part of the 

analysed cyclones (~ 46%) used to travel between 800 and 

1600 km into MR, while the distance between the cyclogen-

esis and cyclolysis positions (hereafter, CCDistance) does 

not exceed 800 km in the majority of cases (~ 76%). In these 

cases, only 16% of cyclones travel a track up to 1.5 distant 

from the departing position. The more frequent value for 

the track/CCDistance ratio (Fig. 9) is about 2.6 (Q2) but 

ranges from 1.7 (Q1) up to 4.5 (Q3). Curiously, cyclones 

associated with this ratio above 4.5 presented a mean veloc-

ity of 20.2 km  h−1, remarking the stationary nature of these 

cyclones which are known to be more frequent along the 

Atlas Mountains, over the Iberian Peninsula and the Black 

Sea regions (Trigo et al. 1999; Campins et al. 2011).

Cyclones in the MR rarely reach intensities similar to 

typical storms in the northern Euro-Atlantic sector (Trigo 

2006), presenting minimum MSLP between 1000 and 

1008 hPa (Fig. 10a). Although still a preliminary analysis, 

only 62 cases (0.46%) registered with depths below 980 hPa, 

which, in a 40-year context, averages 1.6 cyclones per year 

with extreme intensity.

According to Fig. 8d, cyclones with the highest deepening 

rates presented tracks crossing over the Mediterranean Sea. 

Overland, mainly in western of MR, there are few branches 

of deepening associated with the stationary cyclone regions 

(Western and Eastern Atlas and the Iberian Peninsula). 

Although 64% of the hourly deepening rates vary from − 0.8 

to −1.2 hPa  h−1 (not shown), just a few cyclones can main-

tain this rate for a long period in the MR and accumulate 

Fig. 9  Frequency distributions (a) and direct comparison (b) of the distance between cyclogenesis and cyclolysis positions (CCDistance) and 

total cyclone’s track

Fig. 10  a Minimum MSLP distribution (%), and b maximum deepening rate distributions (%), in 6 h (gray) and 24 h (black)
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6 hPa in 6 h, or the threshold of 24 hPa in 24 h, defined by 

Sanders and Gyakum (1980) to be considered an explosive 

cyclone. A large part of cyclones, about 45–50%, registered 

maximum deepening rates between − 3 and − 4 hPa (6  h−1), 

and from 0 to − 4 hPa (24  h−1) (Fig. 10b).

The present study only recorded three explosive cyclones 

in MR among the 40 years analysed, while Trigo et al. 

(2006) found four explosive cyclones between 1958 and 

2000 using a low-resolution reanalysis dataset (ERA-40). 

Despite being a predominantly oceanic phenomenon (Trigo 

2006), it is possible to observe high deepening rates under 

extreme weather conditions even in closed and heterogene-

ous regions such as the MR.

4.2  Seasonal analysis

Among the main cyclogenesis areas in MR (Fig. 8a), only 

the Gulf of Genoa and Western Atlas Mountains presented 

a persistent and robust signal in all seasons (Fig. 11). The 

Aegean Sea and Cyprus areas also showed a persistent 

cyclogenetic activity but with spatial and frequency reduc-

tions during the spring, even considering the highest num-

ber of cyclogenesis of this season. The cyclogenetic activity 

reduction in the Cyprus area was the most significant, with 

its maximum during the winter (Fig. 11d) immediately fol-

lowed by a minimum in spring (Fig. 11a).

In general, the warmer seasons (spring and summer) pre-

sent a larger number of cyclones forming over the conti-

nent and along the coastlines, while in the colder seasons 

(autumn and winter), the cyclogenesis concentrates over the 

sea. Since spring and autumn are transitional seasons, these 

patterns are quite mixed during these months, while during 

winter and summer are clearer. The main seasonal variations 

are directly associated with a significant increase of cyclo-

genesis over the Iberian Peninsula and the Eastern Atlas 

Mountains during spring and summer. On the other hand, 

the increase in cyclogenetic activities over the Balearic, Ion-

ian and eastern Mediterranean seas occurs during autumn 

and winter. Figure 11 also shows a persistent activity during 

all seasons along the coast of Tunisia and Libya, with the 

development of fewer cyclones in winter, increasing the fre-

quency in the following months, and reaching its maximum 

during the autumn.

Figure 12 shows the density of cyclone tracks crossing the 

MR in the study period analysed from a seasonal perspec-

tive. As in Fig. 8b, the main branches of tracks depart from 

the cyclogenesis areas and spread according to the charac-

teristics of the cyclone formed. In the Western Atlas, for 

example, there are tracks concentrated strictly along with 

the mountain range throughout the year, highlighting the 

cyclones’ stationary nature of this region. Another region 

known for this nature is the Iberian Peninsula, where many 

tracks occur only in the central area due to the slow and short 

displacement of thermal lows. In this case, as the cycloge-

netic activity occurs in the summer (Fig. 11b), the cyclone 

tracks also presented the same trend.

There are two types of cyclones forming along the coast-

line of the Iberian Peninsula. The first is similar to cyclones 

found in the central area, with intense cyclogenetic activities 

only during the summer and short tracks associated with the 

thermal lows’ stationary nature. The second is less frequent 

but observed most of the year (autumn, winter, and spring) 

when it presents a migratory pattern with tracks expand-

ing eastwards across the Balearic Islands. The maximum of 

cyclogenesis occurs in autumn (Fig. 12c) when the tracks 

indicate a trend of movement towards the south of Sardinia. 

At the same time, during the spring the cyclonic paths are 

mainly directed to the northeast.

The land and sea pattern found in summer and winter 

cyclogenesis, respectively, is even more apparent when ana-

lysing the density of cyclone tracks. As shown in Fig. 12d, 

winter cyclones tend to form and transit over the central MR 

Fig. 11  Same of Fig. 8a, but considering seasonal windows: a spring 

MAM, b summer JJA, c autumn SON, and d winter DJF
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in the Tyrrhenian, Adriatic and Ionian seas. Additionally, 

there is a large number of cyclones forming in the Aegean 

Sea and Cyprus with trajectories mainly concentrated in the 

Eastern Mediterranean. For the cyclogenesis hotspot in the 

MR, the Gulf of Genoa, there is a peculiar seasonal variation 

in the tracks of cyclones formed in this region. Throughout 

the year, cyclones tend to move southward in branches that 

extend to the Ionian Sea and North Africa. However, dur-

ing the summer, when cyclones present continental tracks 

(Fig. 12b), there is a significant increase of zonal tracks over 

the Boniface strait regions (between Sardinia and Corsica) 

and the Po valley in Northern Italy. As Bladé et al. (2012) 

commented, the large-scale control is essential in local sum-

mer convection triggering in the central Mediterranean. This 

explains the increase in cyclone passages over the Adriatic 

Sea, once this region does not present variation on cyclogen-

esis number over the year.

4.3  Continuous multi‑parameter analysis 
across the year

An integrated analysis amongst the multiple components 

describing cyclones in the MR is shown in Fig. 13. The 

main target is to identify the possible relationships between 

these features outside the usually defined meteorologi-

cal seasonal windows. The 7-days moving average of the 

number of cyclogenesis and the number of active cyclones 

(Fig. 13a) guide the annual variation suggesting three dis-

tinct cyclonic seasons in the MR: the cyclogenetic high sea-

son, the thermal lows season, and the deep lows season. 

The interaction through the analysed parameters exhibited 

well-defined homogeneous patterns, which emphasise these Fig. 12  Same of Fig. 8b, but considering seasonal windows: a spring 

MAM, b summer JJA, c autumn SON, and d winter DJF

Fig. 13  The annual cycle of MR cyclone features described by 7-days 

moving averages from 1979 to 2018: a  the number of cyclogenesis 

per day (black) and the number of active cyclones in the MR (gray); 

b  the average duration of cyclones formed on each day (h, black) 

and the mean velocity of the active cyclones (km  h−1, gray); c  the 

minimum MSLP reached by the active cyclones (hPa, black) and the 

maximum deepening rate (hPa  h−1, gray). The minimum, average and 

maximum values   of each series are reported in the central circle and 

delimitate the radial axis range
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seasons’ existence and allow the characterization of cyclones 

formed in each season.

The cyclogenetic high season begins when the daily 

cyclogenesis shows a significant increase and exceeds one 

cyclogenesis/day, starting in early April, and lasting until 

the 3rd week of June. The annual peak of daily cyclogen-

esis and active cyclones in the MR is reached during this 

period. In the first half (April to mid-May), cyclones pre-

sent durations slightly shorter than average but also have 

the highest mean velocities (Fig. 13b) and high deepening 

rates (more negative values in Fig. 13c) of the year. These 

characteristics added by long tracks (Fig. 12) describe the 

extratropical cyclones pattern during the transition seasons 

(spring and autumn) governed by the intense equator-pole 

thermal gradient. In the second half, both parameters (mean 

velocity and deepening rate) lose intensity and compromise 

this season’ cyclonic pattern, when the cyclones lifetime 

and the minimums of MSLP increase significantly. This 

is the only period of the year when the curves in Fig. 13a 

remain distant, indicating that the increase in the number of 

active cyclones occurs mainly by increases in duration and 

decreases in velocity.

After the end of the high cyclogenetic season, the num-

ber of active cyclones decreases until the first week of July 

(Fig. 13a). The following week until the first half of Sep-

tember, above average values are observed characterising 

the secondary cyclogenetic peak discussed in the statistical 

analysis (Fig. 5a). We label this period as the Thermal Lows 

season, marked by a number of cyclones slightly above the 

average, propagating slowly over short tracks (short dura-

tion, Fig. 13b), and without reaching significant depths 

(minimum MSLP in Fig. 13c). These features are com-

monly attributed to thermal lows formed during summer 

over the Iberian Peninsula and Eastern Atlas (Trigo et al. 

1999; Lionello et al. 2016).

The cyclogenetic activities associated with thermal lows 

suddenly weaken in the early Autumn, when the Intertropi-

cal Convergence Zone starts to move southward and favours 

the entrance of cold air masses into the MR. As a result, 

cyclones begin to present more intense MLSP minimums, 

driven by higher deepening rates (Fig. 13c), breaking the 

cyclonic pattern of this period and ending the thermal lows 

season.

Starting from the 3rd week of September, cyclones pre-

sent tracks over the sea, again (Fig. 12c) under conditions 

favourable to high deepening rates (Fig. 13c). This moment 

marks the beginning of the 3rd and last cyclone season: the 

Deep-Lows season is characterized by a smaller number of 

cyclogenesis but with more intense cyclones (lower MSLP 

minima, Fig. 13c). Far from being just a transition season 

from summer to winter, as suggested by Trigo et al. (1999), 

this season is marked by the return of migratory cold air 

masses to the still-warm waters of the Mediterranean Sea, 

producing cyclones with a lifecycle of unregular durations 

and mean velocities close to the annual average. On the other 

hand, the contrast of temperature also yields in cyclonic 

activities with the highest deepening rates and the lowest 

MSLP values, ranking this period as the most favourable 

to intense storms. These conditions last until early March 

when a significant increase in the mean velocity compromise 

the cyclonic pattern (Fig. 13b) and announces the transition 

period for the high season.

5  Summary and conclusions

A climatology of cyclonic activity throughout the Medi-

terranean Region over 40 years (1979–2018) is presented 

using the new high-resolution ECMWF reanalysis dataset, 

ERA5. A new Cyclone Detection and Tracking Method was 

developed and verified with subjective analysis and literature 

comparisons, to allow proper use of high-resolution data 

and a better description of systems on the subsynoptic-scale. 

The impact of high-resolution data on existing CDTM was 

evaluated considering different settings. The CDTM using 

low-resolution data presented the most similar results with 

the literature, showing the need to develop a new CDTM 

able to exploit the full potential of this new dataset.

The assessment of the impacts of increasing spatial and 

temporal resolutions revealed that increases in spatial resolu-

tion provide a better identification of cyclones developed in a 

subsynoptic-scale, usually underestimated by low-resolution 

data. On the other hand, increases in temporal resolution 

provide a better description of cyclone features, such as the 

location and time of cyclogenesis and cyclolysis, and the 

characteristic velocities and deepening rate.

Regarding the climatology of cyclones in the MR using 

the CDTM proposed in the present study, it was found a 

well-defined annual cycle of cyclonic activity with a maxi-

mum during spring and a minimum during winter, in com-

plete agreement with the literature results. However, the use 

of a high-resolution dataset pointed to a secondary peak of 

cyclogenesis during the summer associated with an increase 

in the number of baroclinic driven lows over the continent, 

typical of this period, and which was constantly underesti-

mated using low-resolution data.

In general, about 336 cyclones per year were identified in 

the MR. An amount 40% higher than the average of previous 

CDTMs, but within a coherent range found in other stud-

ies. This result was expected since the increase in resolution 

increases the number of possible identifiable cyclones. The 

cyclones presented durations of 24–36 h, mean velocities of 

32–36 km  h−1, minimum pressures about 1000–1008 hPa, 

and deepening rates between − 0.8 and − 1.2 hPa  h−1. The 

main findings in this topic were related to the detailed dis-

tributions of track length and deepening rates. First, the 
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average distance between the cyclogenesis and cyclolysis 

positions showed values significantly below than the actual 

distance covered by cyclones. In this case, the morphologi-

cal heterogeneity of the MR was the main responsible for the 

high track/CCDistance ratio, where the median showed val-

ues   close to 2.6. Interestingly, all cyclones identified with a 

ratio higher than 4.5 showed stationary characteristics, sug-

gesting this value as the threshold to classify cyclones of this 

type. Despite the hourly availability, the characteristic scale 

for cyclones deepening rate in the MR presented a better 

description when accumulated in 6 h, with typical values 

from − 3 to − 4 hPa (6  h−1).

The main cyclogenesis areas in the MR were correctly 

identified, as well as the main branches of tracks spreading 

from them, as extensively described in the literature. Nev-

ertheless, some commonly underestimated regions as the 

Aegean Sea presented intensified cyclonic activities. In con-

trast, others as the Black Sea and the eastern Mediterranean 

areas showed fewer cyclones than expected from the litera-

ture. Furthermore, the better description of the subsynoptic-

scale highlighted other relevant active areas of cyclogenesis, 

such as the coast of Tunisia and Libya. The strong land-sea 

temperature contrast favours cyclone developing throughout 

the year with a notable frequency to frame this region among 

the main cyclogenetic areas of the MR.

The analysis of the day-by-day values and trends of the 

main cyclone features during the annual cycle allowed iden-

tifying of three different periods with well-defined relation-

ships between the parameters considered. The first is the 

Cyclogenetic High Season, which starts from the 1st and 2nd 

week of April and lasts from 10 to 12 weeks. This period 

is characterised by more than one cyclogenesis per day and 

more than three active cyclones in the MR, propagating with 

the highest mean velocities and deepening rates of the year, 

even without present intense minimums MSLP.

The Thermal Low Season starts in the 2nd and 3rd week 

of September and lasts 8–9 weeks producing at least two 

active cyclones and one cyclogenesis per day. Due to the 

warm nature, the typical cyclone of this season figures 

between the mildest within the entire annual cycle, moving 

slowly along short tracks predominantly over the continent, 

with durations barely longer than 24 h. Finally, the annual 

cycle ends with the Deep Low Season, which lasts from 

early October until mid-March. In this period, although less 

frequent, cyclones present long tracks spreading over the 

Mediterranean Sea again, where contrasts of temperature to 

migratory polar air masses create ideal conditions for deep-

ening storms, producing the most intense cyclones of the 

year, often associated with hydro-meteorological hazards.

In conclusion, it’s important to highlight the ERA5 

ReAnalysis dataset continues to be updated through the 

C3S, allowing a continuous expansion of the study period. 

Another possibility is also exploiting a recently published 

dataset, the ReAnalysis ERA5 back-extension, which cov-

ers a precedent period from 1950 to 1978. Thus, the study 

period could be expanded to cover more than 70 years, but 

it still depends on data validation once they were designed 

based on significantly less atmospheric information. Fur-

thermore, it is recommended to apply the CDTM using data 

from other atmospheric models with different spatial and 

temporal resolutions, adapting the search radius whenever 

necessary to meet the metrics proposed for the Mediter-

ranean region. The current version of our CDTM may be 

applied worldwide without modifications for regions where 

cyclones usually present a well-defined structure (e.g., open-

ocean areas). On the other hand, we recommend its use after 

careful tuning for regions with complex physiography and 

other singularities.
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